In Nuclear magnetic resonance data are presented for a series of Ce1−xLaxCoIn5 crystals with different La dilutions, x. Multiple In(1) sites associated with different numbers of nearest-neighbor cerium atoms exhibit different Knight shifts and spin lattice relaxation rates. Analysis of the temperature dependence of these sites reveals both an evolution of the heavy electron coherence as a function of dilution, as well as spatial inhomogeneity associated with a complete suppression of antiferromagnetic fluctuations in the vicinity of the La sites. Quantum critical fluctuations persist within disconnected Ce clusters with dilution levels up to 75%, despite the fact that specific heat shows Fermi liquid behavior in dilute samples.
INTRODUCTION
Heavy fermion compounds exhibit a broad spectrum of novel correlated electron behavior, including unconventional superconductivity and quantum critical phenomena [1, 2] . These materials consist of a lattice of localized f -electrons that interact with a sea of itinerant conduction electrons. For a single impurity the conduction electrons screen the f -site below the Kondo temperature, T K , forming a spatially extended singlet state [3] . The situation is considerably more complex for two or more f -sites: depending on the relative size of the Kondo and RKKY couplings the f -moments can either order antiferromagnetically, or are quenched via Kondo screening [4] [5] [6] [7] [8] . In a fully occupied lattice these competing ground states give rise to a quantum phase transition between these two extremes, where strong fluctuations are responsible for a breakdown of conventional Fermi liquid theory [9, 10] . The microscopic physics in this regime is poorly understood, and key open questions are whether the conduction electrons screen each f -moment individually or collectively across multiple sites, and whether the screening is enhanced or suppressed by the second f -site [7] . There have been few experimental studies of the two-impurity Kondo problem [11] , and as a result there remain several question about the relevant temperature and length scales of the ground state. Here we report nuclear magnetic resonance (NMR) data in Ce 1−x La x CoIn 5 , in which the La serves to dilute the lattice of f -moments in a prototypical Kondo lattice system close to a quantum phase transition [12, 13] . Our results indicate that the heavy electron coherence becomes spatially inhomogeneous and is suppressed locally in regions with no f sites in a diluted lattice, yet quantum critical fluctuations persist in disconnected clusters.
La dilution is a powerful technique to probe intersite interactions between f-sites in Kondo lattices. Replac- ing the 4f 1 electron of the Ce 3+ with a 4f 0 configuration of La 3+ removes the local moment without changing the conduction electron count. For sufficiently large La doping, the remaining isolated 4f
1 Ce moments behave independently and their screening is described by single-ion Kondo physics. For random substitutions at La doping levels beyond the percolation limit the lattice will break up into disconnected clusters of f -sites with a well defined size distribution [14] . Several years ago pioneering work in Ce 1−x La x Pb 3 [15] and Ce 1−x La x CoIn 5 [16] revealed very different behaviors as a function of x. In the former, T K was observed to be independent of La concentration, suggesting that intersite couplings between the f-sites is negligible. In the latter a new high tempera- ture coherence temperature scale, T * ∼ 20T K , emerges. Whether T * represents a renormalized T K due to differences in the Kondo exchange intergral (a local effect), or a new energy scale driven by intersite couplings remains unclear. Nevertheless, T * is clearly evident in various experimental probes [17, 18] , and this observation has laid the foundation of the phenomenological two-fluid description of partially localized f-moments coexisting with an itinerant heavy-electron fluid [19, 20] . In order to shed light on the origin of high temperature lattice coherence scale, it is instructive to investigate the spatial dependence of the spin fluctuations and energy scales in a dilute system. Here we report studies of several different La concentrations in which the f -electron clusters continue to exhibit an unusually large coherence temperature and spin fluctuations characteristic of the undoped system. This surprising result reveals that the heavy fermion state is inhomogeneous and suggests that intersite interactions are restricted to nearest neighbors.
NMR is an ideal probe of the local spin correlations that emerge in a Kondo lattice because it provides direct information about T * and the heavy electron fluid [21, 22] . In CeCoIn 5 , the In(1), In(2) and Co Knight shifts, K, are proportional to the bulk magnetic susceptibility, χ, for T > T * , but exhibit a strong Knight shift anomaly below this temperature [23] . This anomaly originates from the different hyperfine couplings between the nuclear spins and both the conduction electron spins, S c , and the local moment spins, S f . As a result one can extract detailed information about the three correlation functions χ αβ ∼ S α S β (α, β = c, f ) by measuring both K and χ independently [22] . The spin-lattice relaxation rate, T −1 1 , probes the spin fluctuations of the local moments and the heavy electron fluid [24] . Here we report K and T of the heavy electron susceptibility are suppressed with dilution, however the temperature dependence of T −1 1 is unaffected by dilution, suggesting that the spin fluctuations persist in disconnected clusters of Ce sites.
SAMPLE CHARACTERIZATION
Crystals of Ce 1−x La x CoIn 5 with different nominal La concentrations were synthesized via flux methods as described in Ref. 16 . The magnetic susceptibilities were measured using a SQUID magnetometer, as shown in Fig. 2 . Because the La is non-magnetic, the magnetization is dominated by the Ce and the high temperature susceptibility scales as χ x (T ) ≈ (1 − x)χ 0 (T ) [16] . The concentration x was determined by plotting χ x versus χ 0 and performing a linear fit to the high temperature regime (T 100 K). Based on this analysis we find x = 11.9±0.2%, 18.4±0.1%, and 74.9±0.3%. An independent wavelength dispersive spectroscopy (WDS) microprobe analysis on the third sample indicated x = 75.7 ± 1.2%.
NMR SPECTRA
Each crystal was oriented with the c−axis parallel to a magnetic field H 0 = 11.7286 T and NMR spectra were acquired as a function of frequency and temperature by integrating the spin echo signals. In this orientation, there are four crystallographically distinct NMR active sites:
139 La (I = 7/2), 59 Co (I = 7/2), and two 115 In (I = 9/2) sites [23] . Here, we focus only on the La and the In(1) because the Co and the In(2) spectra are broadened by the disorder. T The In(1) nuclear spin Hamiltonian is given by:
is the gyromagnetic ratio,Î α are the nuclear spin operators, ν cc is the component of the electric field gradient (EFG) tensor along the c-direction, and H hf is the hyperfine interaction between the In nuclear spins and the electron spins, which gives rise to the Knight shift, K [25] . For the In(1) (I = 9/2) in this configuration, the resonance frequencies are given by: f = γH 0 (1 + K) + sν cc , where s = −4, −3, · · · , +4 corresponding to a central transition (s = 0) and eight satellites, and K is the Knight shift. The spectra shown in Fig. 3 correspond to the s = −1 satellite. Multiple peaks are evident in the spectra, which correspond to sites with different local Knight shift and EFG parameters. Doping creates variations in the local environment of the In nuclei, which have different numbers of nearest neighbor Ce sites. As shown in Fig. 1 , the In(1) site has n = 0, 1, 2, 3 or 4 Ce neighbors, and therefore there are potentially six distinct sites in a sample with a finite La concentration, although the two n = 2 sites may be indistinguishable. The relative populations, P n of an In(1) site with n nearest Ce neighbors randomly distributed are given by the binomial distribution:
4 . The spectra of different satellites, s, reveal the same series of peaks, with identical frequency spacing between the peaks. We thus conclude that the peaks correspond to different Knight shifts, and the local EFG variations are minor compared with the local hyperfine field variations [26] . Each spectrum was fit to a sum of multiple Gaussians to extract the Knight shifts, shown as a function of temperature for various dopings in Fig. 4 (a).
KNIGHT SHIFT ANALYSIS
With the exception of the lower peak in the spectra of the x = 75% sample, the shifts of the different sets of peaks shown in Fig. 4 (a) appear to scale with one another with a common temperature dependence. We postulate that the different peaks observed in Fig. 3 arise from different numbers, n, of nearest-neighbor Ce atoms, with different Knight shifts, K n , as demonstrated in Fig. 1 . The temperature-independent behavior of the lower peak for the x = 75% sample (Fig. 4) corresponds to a site with n = 0, i.e., zero nearest-neighbor Ce sites. Fig. 5 displays K n versus K 4 , which reveals linear behavior for all data sets with slopes equal to n/4 for temperatures T 25 K. This behavior indicates that K n ∼ n, and that the dominant contribution to the shift arises from the transferred coupling to the Ce spins, S f . As seen in Fig. 4 , the Knight shift decreases with the temperature below about 40K for all sites in all samples as the local moments get screened and the heavy quasi-particles form. This is Knight shift anomaly originally reported in [27] .
Because there are two types of electron spins, S c and S f , there are three distinct components of magnetic susceptibilities, χ cc , χ cf and χ f f . The hyperfine interaction is given by: H hf =Î · [AS c + B i∈n.n. S f (r i )], where A and B are the hyperfine couplings to the itinerant conduction electron spin and the local f -moment, respectively, and the sum is over the four nearest neighbor Ce moments to the central In(1) site [21] . The Knight shift is given by:
where K 0,n is the temperature independent terms arising from diamagnetic and orbital contributions [21, 22, 27] , and the bulk susceptibility is given by:
where 1 − x is the fraction of Ce spins in the diluted sample. The different peaks observed in Fig. 3 can thus be identified by the different n, enabling us to spectrographically distinguish the various types of impurity sites possible in a randomly doped system (see Fig. 1 ).
For sufficiently high temperatures, where the correlations between the local moments and the conduction electron spins are negligible, we expect χ f f χ cc , χ cf [27, 28] . In this case K n = K 0,n + nBχ/(1 − x). Fig.  4(b) shows K n versus χ/(1 − x), which reveals linear behavior for T 60K (χ 0.008 emu/mol Ce). The solid lines show the best linear fits to this data, with the constraint that B is the same for all data sets K n for a particular crystal. The fitted values of K 0,n and B are summarized in Table I . The origin of the constant term K 0,n is not well understood, but it is curious that these values are approximately linearly dependent on n. B displays a variability of approximately 9% between samples, and is consistent with previously reported values in pure CeCoIn 5 . In the antiferromagnetic isostructural analog compound CeRhIn 5 , B is strongly pressure dependent, decreasing by a factor of 3.4 between ambient pressure and 2.0 GPa [29] . These results were interpreted as arising from changes in the hybridization as CeRhIn 5 is tuned through a quantum critical point. By 2.0 GPa, antiferromagnetic order has been suppressed in CeRhIn 5 and superconductivity emerges, so that this material behaves similarly to CeCoIn 5 electronically [30] . Our observations in La-doped CeCoIn 5 suggest locally-induced strains around the La dopants do not significantly alter the hybridization between the Ce 4f and In 5p orbitals.
Fits to Two-Fluid Model
With the knowledge of K 0,n and B determined from the high temperature fits we can now decompose the con- tributions of the different susceptibilities, χ αβ . We define:
This quantity depends only on χ cf and χ cc , and is shown in Fig. 7 . The ∆K n grow in magnitude at lower temperature, reflecting the growth of correlations between the S c and S f spins at each of the n sites.
The two-fluid model of the Kondo lattice offers a phenomenological framework to describe the behavior of the susceptibility and Knight shift in terms of a set of local f -moments and a sea of hybridized heavy electrons [17, 19, 20, 31] . This model postulates that ∆K(T ) is proportional to the susceptibility of the heavy electron fluid, χ HF , and it's temperature dependence probes both growth of hybridization and its relative spectral weight. We thus fit ∆K n to the Yang-Pines expression:
to determine the doping (x) and site (n) dependence of T * n , as displayed in Fig. 6 . In fact, T * is suppressed with dilution, x, in approximately the same fashion as observed previously via bulk measurements [16] , reflecting a suppression of coherence as intersite couplings are systematically reduced in the dilute lattice. These values are consistent with previous measurements of T * in pure CeCoIn 5 [27] , yet are consistently about 30% higher than reported previously as measured by specific heat and bulk susceptibility. This discrepancy is likely due to differences in measurement techniques. For a given dilution, T * n appears to decrease for the most dilute sites (n = 1) reflecting local electronic inhomogeneity, as seen in the inset of Fig. 6 [32, 33] . The correlation functions χ αβ are expected to become position dependent because translation symmetry is broken in the diluted lattice. Therefore it is not surprising that different behavior is observed at the different n sites.
Further evidence for electronic inhomogeneity is observed in the dramatic difference between the n = 0 and n = 1 sites for the x = 75% sample [32] . ∆K 0 (T ) ≈ 0 the n = 0 site for the x = 75% sample, whereas for the n = 1 site the behavior is nearly identical to the bulk. Apparently the heavy electron fluid is not uniformly diluted, but rather becomes spatially varying such that it remains nearly identical to that of the bulk CeCoIn regions close to the f -sites, but vanishes in the intervening regions surrounded by the La. If the length scale of the Kondo screening extended well past the Ce clusters, as theoretical studies would suggest [34] , then the Knight shift of the n = 0 sites would develop some temperature dependence below T * in contrast to our observations. Furthermore, the length scale of this inhomogeneity must be relatively short in order to survive such high levels of dilution. A possible route to understanding the origin of this inhomogeneity may lie in the extent of the Kondo screening clouds surrounding each f -site. Theoretical studies indicate that the coherence temperature can increase because the screening clouds of individual sites overlap forming inter-impurity spin singlets [7, 8] . In some cases T * can be enhanced by up to an order of magnitude and scale as the RKKY coupling [17] . It remains unclear how many coupled sites are necessary to enhance T * and what role the dimensionality or network topology of couplings play, however. For a simple cubic lattice the site percolation limit in 3D is x c = 0.31; for a 2D square lattice the limit is x c = 0.593 [14] . The Ce lattice in our Ce 0.243 La 0.757 CoIn 5 sample lies well below the percolation limit; therefore the occupied Ce sites form disconnected filamentary clusters of varying sizes, with an average cluster size of 16.4 sites in 3D (1.9 sites per cluster in 2D).
Extracting Individual Components
A more complete interpretation of the NMR data has been hampered by the fact that the hyperfine coupling, A, to the S c spins is almost impossible to extract from just Knight shift and susceptibility data. However, the ∆K n (T ) data presented in Fig. 7 reveal in interesting trend. It is apparent that the different ∆K n approximately scale with one another, which suggests that χ cc (T ) and χ cf (T ) in Eq. 4 have a similar temperature dependence. In this case the ratio ∆K n (T )/∆K m (T ) is temperature-independent and given by:
where R = χ cc (T )/χ cf (T ) is assumed to be temperature independent. versus ∆K m for x = 18%, which clearly reveal a linear relationship. This behavior would not be possible if χ cc (T ) and χ cf (T ) had vastly different temperature dependences. We perform a global χ 2 minimization over all such data sets for a given x to extract values for A and R, shown in the inset and reported in Table I . Although the error bars for A are larger than those for B, the values are consistent within errors between the two La concentrations. However, these values for A are approximately 25 times smaller than those reported in a previous study in the parent compound, with the opposite sign [16, 19, 27] . It is likely that the difference arises due to different approaches: in the previous work, A was estimated from an analysis of the bulk susceptibility to extract the heavy electron component, whereas in the current approach we utilize a combination of different Knight shifts and bulk susceptibilities. The fact that A is negative probably indicates a core polarization mechanism, in which the core orbitals of the In(1) become spin polarized due to coupling to hybridized 5p orbitals [35, 36] .
The specific relationship between the different ∆K n in Eq. 4 provides a unique opportunity to extract the χ cc , χ cf and χ f f components independently. Using the values for both hyperfine coupling constants A and B and for the ratio R, we can decompose the total susceptibility into individual components as shown in Fig. 9 . This is the first time these quantities have been measured experimentally -previous studies of the Knight shift anomaly focused solely on ∆K(T ), but did not determine the onsite coupling, A, nor extract the separate contributions of the three components. Note that the large error bars for R may lead to an overestimation of the magnitude of χ cf and χ cc , however the general behavior of the different susceptibilities agrees qualitatively with theoretical expectations [22, 28] . Namely, χ cf < 0, reflecting the antiferromagnetic nature of the Kondo coupling, whereas χ cc,f f > 0. For the x = 75.4% sample, only two sites are distinguished: n = 1 and n = 0. Since the n = 0 site has no temperature dependence, we do not have independent information for either A or R. Similarly, for the x = 0 data, only the n = 4 site is present. In these cases we have used the average values of A and R from the x = 12.4 and 18.5% samples to extract the susceptibility components shown in Fig. 9 for x = 0 and x = 75%.
Given these values for A and B, we are able to extract the magnitude of χ 0 cf , which is shown in Fig.  6(c) .Curiously, the magnitude of χ 0 cf increases at more dilute sites, whereas T * decreases. The reason for this behavior is unclear, but a naive interpretation is that locally the system is tuned away from quantum criticality, so that the correlation functions are slightly altered [28, 33, 37] . On the other hand, T The fitted values for the hyperfine couplings A and B, and temperature-independent components K0,n (defined in Eq. 1) as well as the ratio R (defined in Eq. 6) for each of the La dilutions studied. larger for the n = 1 site, as might be expected given that
for the n = 1 site exhibits a temperature dependence that is similar to that of pure CeCoIn 5 , albeit with a reduced magnitude that likely reflects the reduced hyperfine coupling. T −1 1 for the n = 0 site is approximately one order of magnitude smaller than for the n = 1 site, and is similar to that observed for the pure LaCoIn 5 .
Several studies of pure CeCoIn 5 indicate this material's proximity to a quantum critical point [13, 24, 39] . In the NMR response, these fluctuations are manifest in the temperature dependence of T −1 1 ∼ T α , where α = 1/4 [38] . As shown in Fig. 10 , we find that α = 0.27 ± 0.02 and 0.31 ± 0.06 for the pure CeCoIn 5 and the clusters in Ce 0.243 La 0.757 CoIn 5 , respectively. The fact that these critical spin fluctuations remain present in short filamentary clusters down to the scale of a few lattice sites suggests that either the coherence length of these fluctuations is less than the cluster size or that the critical spin fluctuations are local in nature [40] . Similar conclusions have been drawn from neutron scattering experiments in CeCu 1−x Au x in which the critical fluctuations are independent of wavevector [41] . For the n = 0 site, we find α = 0.61 ± 0.12, whereas pure LaCoIn 5 exhibits α = 1.03 ± 0.01, consistent with Korringa behavior for a Fermi liquid. The fluctuations at the n = 0 site for x = 75% are not Korringa, suggesting that heavy electron component of the proximal Ce clusters may still affect the dynamics even though there is no evidence in the Knight shift, K 0 . versus temperature for the n = 1 site (blue, •) and n = 0 site (orange, ) for x = 75%, compared with the pure CeCoIn5 (•) and pure LaCoIn5 ( ). Data for the pure compounds is reproduced from [38] .
numbers of nearest-neighbor f -sites. By comparing the Knight shifts of these sites with the bulk susceptibility and with one another, we extract the temperature dependence of the three correlation functions, χ cc , χ cf , and χ f f independently. The susceptibility of the heavy electron fluid, which is a linear combination of χ cc and χ cf , is systematically reduced with La dilution, as is the coherence temperature, T * . However, the heavy electron component also becomes spatially inhomogeneous and vanishes in the local vicinity of the La, with a length scale that is on the order of a lattice constant. These results are consistent with recent determinant quantum Monte Carlo (DQMC) calculations of the periodic Anderson model, albeit at half filling, which found that the doping-induced changes in the electronic state are limited to the nearestneighbor sites and decay rapidly at the next-nearestneighbor site [42] . The spin-lattice-relaxation rate is inhomogeneous, reflecting quantum critical fluctuations for sites coupled to nearest neighbor f -sites, but little or no such fluctuations for sites with no f neighbors. The suppression of T * with dilution indicates that intersite couplings among the f -spins are important for the emergence of heavy electron coherence in clusters, but the local spin correlations are suppressed at the boundaries of these clusters. Future studies of dilution in related materials such as CeRhIn 5 may shed light on how this inhomogeneity evolves away from the quantum critical point.
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